Mott ͓Philos. Mag. 19, 835 ͑1969͔͒ established the single-phonon variable range hopping conduction from occupied to unoccupied localized states in disordered materials at low temperatures by assuming a constant localized density of states at the Fermi level. However, recent researches have reported that this behavior can also be observed in the polycrystalline films with an exponential tail state distribution in the gap. If the carrier concentration is lower than a critical value for a semiconductor-to-metal transition, in a low temperature region polycrystalline films exhibit percolation hopping through band tail states with an exponential distribution. We revisit various hopping conductions for inorganic semiconducting polycrystalline films. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2208383͔ At low temperatures, the dark conductivity ͑ D ͒ of a large number of films including amorphous, polycrystalline, and metal alloys follows Mott's equation [1][2] [3] for the three dimensional case given by
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where e is the electron charge, ␥ ph is the characteristic phonon frequency, ␣ is the inverse decay length of the wave function of localized states near E F , k is Boltzmann's constant, and N͑E F ͒ is the concentration of localized DOS N͑E͒ at E F , i.e., N͑E͒ = N͑E F ͒. However, this classic model often leads to an improbable DOS value, because most films basically have an exponential tail state distribution in the gap, i.e., N͑E͒ = ͑N 0 / E 0 ͒exp͉͑E − E th ͉ / E 0 ͒, where N 0 is a constant, E th is the energy at the mobility band gap edge ͑the conduction band minimum for n-type materials and the valence band maximum for p-type materials͒, and E 0 is the width of the band tail called the Urbach tail. 4 From VRH conduction behaviors of polymers and amorphous semiconducting films, such as phenol formaldehyde and hydrogenated amorphous carbon ͑a-C:H͒, Godet 5 predicted that for a localization parameter N͑E F ͒␣ −3 in the range of 10 −5 − 1 a single-phonon band tail hopping within an exponential DOS ͑with an assumption of E 0 ӷ kT͒ gives a linear relationship between ln o and T 0 1/4 . Concari et al. 6 provided validity of Godet's model for hydrogenated intrinsic and boron-doped microcrystalline silicon ͑i-c-Si: H and p-c-Si: H͒ films by correlating the classical percolation theory,
where C 0 is a constant with a value in the range of 16 ͑from Mott's model͒ to 310 ͑from Godet's model͒. Here, ␣ −1 typically varies from 0.3 to 3 mm. 6 The present authors also provided validity of Godet's model for hydrogenated borondoped nanocrystalline silicon-silicon carbide alloy ͑p-ncSi-SiC : H͒ films using the revised percolation hopping conduction model. 7, 8 Furthermore, it was found that linear relations between ln o and T 0 1/4 for c-Si: H and p-ncSi-SiC : H are almost coincident. In the case of lateral transition in inorganic semiconducting polycrystalline films, the percolation routes can be formed at both grains and grain boundaries, because the ionized impurities and native defects in grains and grain boundaries contribute to the potential fluctuation that result in localized band tail states.
In this letter, the present authors revisit various kinds of inorganic semiconducting polycrystalline films that have been reported on their VRH conduction: i-cSi: H, 6 ͑n-type͒ polycrystalline ZnO films prepared by the sol-gel process ͑SG ZnO:Al͒, 13 and heavily boron-doped polycrystalline diamond ͑p-diamond͒ films. 14 We include polycrystalline and single-crystal InGaO 3 ͑ZnO͒ 5 ͑pc-IGZO and sc-IGZO͒ films. 15 These films also obey Mott's equation, because the random distribution of Ga 3+ and Zn 2+ ions in the crystal structure generates the distribution of potential barriers around the conduction band minimum. Accordingly, carrier transport in the sc-IGZO films is governed by the percolation hopping conduction through band tail states with an exponential distribution. In addition, we include undoped polycrystalline Si ͑pc-Si͒ films, 16 p-and n-type polycrystalline CuInSe 2 films, 17 polycrystalline iron disilicide ͑FeSi 2 ͒ films, 18 hydrogen-doped ͑p-type͒ polycrystalline 12CaO · 7Al 2 O 3 ͑C12A7:H͒ film, 19 and Cd-doped ͑p-type͒ polycrystalline In 2 Se 3 ͑In 2 Se 3 :Cd͒ films. 20 These films are widely used in thin-film devices. The i-c-Si: H and p-cSi: H films are conventional materials for thin-film Si solar cells. 21 The nominally undoped ZnO, which is actually heavily n-type materials mainly due to unintentionally incorporated hydrogen shallow donors, 22 and extrinsic impuritydoped ZnO films are promising materials as transparent electrodes and back reflectors for thin-film Si solar cells. 21, 23 The heavily doped p-diamond films are attracting interest due to the recent observation of superconductivity emerging near the semiconductor-to-metal transition. 24, 25 IGZO films are promising candidates as active channel materials for transparent field-effect transistors. 26 Undoped pc-Si films have been widely applied in metal-oxide-semiconductor integrated circuits and thin-film transistors. 16 CuInSe 2 films are promising materials for thin-film solar cells. 17 FeSi 2 films have been studied due to their potential applications in optoelectronic devices. 18 Transparent C12A7:H films are also desirable for many emerging optoelectronic devices. 19 In 2 Se 3 :Cd films has attracted considerable attention as a potential material for the photovoltaic and heterojunction device applications. 20 Hereafter, we extract VRH parameters for the polycrystalline films using the percolation hopping model. [5] [6] [7] [8] Figure 1 shows the linear relationship between ln o and T 0 1/4 for the various kinds of polycrystalline films. We should consider that some experimental errors in their D measurements and in the determination of o and T 0 from their reported Arrhenius plots could be included. Notably, similar linear relationships for the polycrystalline materials under consideration are found. It may originate from their similarity in the band structure with an exponential band state distribution.
From Eq. ͑4͒, it is possible to estimate N͑E F ͒ for the polycrystalline materials under consideration by assuming ␣ to be 1 nm. Figure 2 depicts the DOS values for the polycrystalline materials by assuming C 0 to be 310 ͓Fig. 2͑a͔͒ and 16 ͓Fig. 2͑b͔͒. The N͑E F ͒ values obtained using Godet's C 0 value are one order of magnitude higher than those obtained using Mott's C 0 value. If an inorganic polycrystalline film approaches the semiconductor-to-metal transition due to its increased carrier concentration, the percolation hopping conduction occurs through the band tail states near the mobility band gap edge and that leads to a less pronounced D variation with a small value of T 0 . As T 0 for the films becomes small, N͑E F ͒ is steeply increased. Accordingly, the upper limit of N͑E F ͒␣ −3 for the inorganic semiconducting polycrystalline films extends to 10 5 , which implies very weakly localized status near the semiconductor-to-metal transition.
The reminding parameters for Mott's VRH model are the average hopping distance R and the hopping activation energy W. In the classical VRH model, Mott requires strongly localized conditions ͑␣R ӷ 1 and W ӷ kT͒.
1 In the case of percolation hopping transport within an exponential tail state distribution, the R and W parameters are expressed as 9, 27 Figure 3 displays the R and W values for the polycrystalline films evaluated at the temperature of 150 K, where all the films under consideration obey Eq. ͑1͒. Here, ␣ is assumed to be 1 nm. Since both the parameters are proportional to T 0 1/4 , the linear correlation for these parameters is observed. It can be seen that the polycrystalline films exhibiting the percolation hopping conduction through the band tail states near the mobility band gap edge violate Mott's requirements due to their very weakly localized status.
The percolation hopping conduction through band tail states in the inorganic semiconducting polycrystalline films has been investigated. Due to the exponential distribution of band tail states, the films show similar linear relationships between ln o and T 0 1/4 , which is independent of their crystallinity, surface morphology, and optical properties. It should be noted that percolation hopping transport in the inorganic semiconducting polycrystalline films extends to the very weakly localized limit due to the films located just below the threshold of the semiconductor-to-metal transition. 
